Packaging of DNA into the nucleosome core particle (NCP) is considered to exert constraints to all DNAtemplated processes, including base excision repair where Pol ␤ catalyzes two key enzymatic steps: 5 -dRP lyase gap trimming and template-directed DNA synthesis. Despite its biological significance, knowledge of Pol ␤ activities on NCPs is still limited. Here, we show that removal of the 5 -dRP block by Pol ␤ is unaffected by NCP constraints at all sites tested and is even enhanced near the DNA ends. In contrast, strong inhibition of DNA synthesis is observed. These results indicate 5 -dRP gap trimming proceeds unperturbed within the NCP; whereas, gap filling is strongly limited. In the absence of additional factors, base excision repair in NCPs will stall at the gapfilling step.
INTRODUCTION
DNA is surprisingly dynamic due to its susceptibility to a myriad of endogenous spontaneous and enzymatic reactions (1) . Incorporation of permanent mutations may result in the activation of proto-oncogenes and/or inactivation of tumor suppressor genes, ultimately leading to cancer and other inborn diseases (2) . To maintain genomic integrity, a number of specialized DNA repair pathways assist in the recognition and removal of DNA damage.
At the forefront, base excision repair (BER) plays an indispensable role in the maintenance of genomic stability as it repairs the vast majority of endogenous DNA lesions including damaged or aberrant DNA bases, apurinic/apyrimidinic (AP) sites, and single-strand breaks (2) . It has been estimated that as many as 10 000 AP sites/cell/day can arise as a result of spontaneous hydrolytic reactions in human cells (3) . Additionally, AP sites arise from enzymatic reactions initiated by several DNA glycosylases that remove chemically modified bases due to oxidation (e.g. reactive oxygen species), alkylation (e.g. Sadenosylmethionine), and incorporation of unnatural bases into DNA (1) . The abundance of AP sites in the genome indicates that the BER pathway is highly active.
Biochemical characterization and structural crystallographic studies of BER enzymes have helped delineate the sequential steps and conformational changes necessary for catalysis during BER. The initial step of BER usually involves recognition and cleavage of the N-C1 glycosydic bond between the deoxyribose sugar and the base by damage-specific DNA glycosylases (4) . AP endonuclease 1 (APE1) cleaves the DNA backbone 5 to the AP site, generating a single-nucleotide gap with 3 -OH and 5 -deoxyribose phosphate (dRP) at the margins of the gap (3) . Under conditions where the 5 -dRP group is not chemically modified, repair proceeds via short-patch BER, and DNA Polymerase (Pol) ␤ catalyzes removal of the 5 -dRP group and performs template-directed gap-filling. However, if the 5 -dRP is chemically modified, it may become refractory to Pol ␤'s dRP lyase activity, promoting long-patch BER where 2-13 nucleotides are filled into a gap by Pol ␤ or other DNA polymerases (5); the displaced DNA flap is cleaved by FEN1 with the assistance of other accessory factors. In the last step of BER, DNA Ligase I or Ligase III-XRCC1 complex seals the nick.
Pol ␤ plays an indispensable role during single-nucleotide or short-patch BER by contributing 5 -dRP lyase activity. In fact, Pol ␤ enzymatic activities are so crucial to an organism's survival that deletion of the gene encoding Pol ␤ in mice leads to embryonic lethality (6) . Pol ␤ 5 -dRP lyase activity resides in the N-terminal 8-kDa domain (87 residues) (7) , and the DNA gap-filling activity is located in the C-terminal 31-kDa domain (8, 9) . Characterization of these two domains revealed that the 31-kDa domain preferentially binds dsDNA, whereas the 8-kDa domain's DNA binding affinity is primarily for ssDNA (10, 11) . Although both domains can function independently of each other, the catalytic efficiencies of the isolated domains are reduced compared to the intact enzyme, suggesting that contacts between the domains are nonetheless important (10, 12) . However, studies performed with Pol ␤ deficient mouse embry-onic fibroblasts (MEFs) demonstrated that only the lyase activity of Pol ␤ is necessary to reverse the methylatingagent induced hypersensitivity in these cells (13) . This highlights the essential role of the dRP lyase activity in vivo. In humans, germline and somatic single nucleotide polymorphisms and variants have been found in many BER proteins, and some of these result in aberrant function. Importantly, Pol ␤ variants, as well as its overexpression, have been linked to human cancers (14) , underscoring the importance of understanding the molecular mechanisms that regulate Pol ␤ activities.
The enzymatic activities of Pol ␤ have been characterized in vitro with purified recombinant enzyme and DNA substrates; however, in living cells all DNA-templated processes are regulated by the chromatin landscape, where the nucleosome core particle (NCP) constitutes the primary level of this regulation. In the NCP, ∼147 bp of DNA wrap around an octameric complex composed of two copies of each of the core histones: H2A, H2B, H3, and H4 (15) . Nucleosome cores are located in proximity to one another along chromosomes, separated by short variable lengths of 'linker' DNA ranging between 40 and 50 bp in humans (16) . These 'beads on a string' structures are folded several thousandfold to achieve a level of organization and compaction that allows for strategic control of all DNA-templated processes. This tight organization, however, poses an accessibility barrier where regions bound by histones are less accessible than the linker DNA. Considering that ∼83% of genomic DNA is occupied by histones (17) forming ∼30 million nucleosomes in each diploid human cell (18) , the study of DNAtemplated processes in the context of the NCP becomes biologically significant and a good model system. DNA lesions within NCPs are not completely refractory to repair, suggesting the NCP is intrinsically dynamic in the absence of external chromatin-modifying factors; however, the removal of many types of lesions can be inefficient (19) (20) (21) (22) (23) (24) (25) .
As shown by in vitro studies, the structural determinants of the NCP that regulate BER repair are complex. This is because the NCP exhibits a spectrum of intrinsic interconnected dynamic mechanisms that can regulate DNA accessibility and enzyme activity in a site-and enzyme-specific manner (19, 23, 26, 27) . Consequently, not every enzyme or enzymatic reaction would encounter the same structural constraints at a specific site. Additionally, local structural features such as minor groove width may also play a role on lesion recognition and removal (25) , and this is likely to depend upon an enzyme's active site interactions with the substrate. However, the extent to which the two major intrinsic parameters of the NCP (rotational and translational positioning) influence DNA repair have been generally correlated with the mode of binding to the NCP or extent of the local sculpting of the substrate necessary for catalysis (23, 28) .
As previously shown, rotational orientation near the dyad does not have the same effect on UDG and Pol ␤ DNA synthesis activity (28) . In fact, removal of outwardly oriented uracil can occur at a rate similar to that in free DNA (20, 25) . Similarly, the activity of APE1 is strongly regulated by the rotational orientation of the AP site, with faster repair for outwardly-oriented AP sites (21) . Consequently, these results suggested that outwardly-oriented DNA gaps can be efficiently generated even in NCPs. Because UDG and APE1 primarily interact with the damaged DNA strand and the rotational orientation of the lesion in NCPs significantly influences lesion removal (20, 22, 25, 28) , we questioned whether the enzymatic activities of Pol ␤ could be regulated by the NCP in a manner that is directly dependent on the extent of interactions mediated by each of the Pol ␤ domains. Other studies had performed qualitative assessments of whether Pol ␤ gap-filling occurs in the context of NCPs (19, 29, 30) and addressed structural factors influencing this activity (28) . Quantitative kinetic measurements of the Pol ␤ activities as a function of the NCP structural location are lacking. Recently, Howard et al. showed the NCP strongly inhibits Pol ␤ gap-filling (∼500-fold) measured under single-turnover kinetic conditions. In this case, the nucleosomal substrate contained two single-nucleotide gaps located 17 bp apart (31) . Another recent study containing translationally and rotationally positioned two-nucleotide gaps showed complete inhibition of Pol ␤, and this was modestly alleviated by the chromatin architectural factor HMGB1 (32) . Importantly, the Pol ␤ dRP lyase activity has not been characterized in the context of the NCP or whether the same structural rules for DNA gap-filling activity apply to the 5 -dRP removal.
The proposed mechanism for Pol ␤ catalyzed dRP removal requires the formation of a Schiff base intermediate involving lysine72 as the main nucleophile, followed by the ␤-elimination reaction (33) . There are many lysine residues present in histones, and whether or not they can catalyze a dRP lyase reaction may not only be dependent on proximity to the lesion but also on whether they are geometrically positioned or in a flexible region that would sterically allow the reaction (34) . Crystallographic studies have proposed the need for significant structural rearrangements in order to position Pol ␤ Lys72 and the 5 -dRP group in proximity so the dRP lyase reaction can occur (33) . Similarly, significant structural rearrangements occur in gapped DNA upon Pol ␤ binding, where the templating DNA strand is bent 90
• upon pre-catalytic complex formation (35) .
Considering all the structural requirements for Pol ␤'s catalyzed enzymatic reactions, we sought to determine how the intrinsic structural features of the NCP regulate these activities. We quantified Pol ␤'s NCP binding affinity and 5 -dRP lyase and DNA gap-filling activities in NCPs. In our binding assays, the results suggested that Pol ␤ binds DNA non-specifically, and the histone octamer constitutes a significant steric barrier for stable binding. The dRP lyase assays demonstrated that full-length Pol ␤ and the 8-kDa domain of Pol ␤ are able to carry out 5 -dRP removal in NCPs. On the other hand, gap-filling by Pol ␤ exhibits a very strong inhibition, in a manner that largely correlates with translational positioning of the lesion.
MATERIALS AND METHODS

Materials
Oligodeoxyribonucleotides (oligos) were from Integrated DNA Technologies (IDT) and all were individually PAGE purified. Each oligonucleotide was resuspended in DNase-, RNase-, protease-free water and the concentration was determined from the UV absorbance at 260 nm. Human Nucleic Acids Research, 2017, Vol. 45, No. 15 8903 WT and mutant (K35A,K68A,K72A) Pol ␤ were expressed in Escherichia coli (E. coli) and purified as previously described (33, 36) . Total enzyme concentrations were determined by the Bradford assay and are indicated within the plots or figure legends. E. coli uracil DNA glycosylase (UDG) was from New England Biolabs. All radiolabels (␥ -32 P-ATP and 3 -␣-32 P-dATP [cordicypin]) were from Perkin Elmer.
Preparation of DNA substrates containing single-nucleotide gaps
To generate each of the substrates containing the 147 bp Widom 601 DNA positioning sequence, the damaged strand contained phosphorylated deoxyuridine at the 5 end of a DNA nick so that a 5 -deoxyribose phosphate (dRP) lyase substrate could be generated upon treatment with Escherichia coli UDG (Supplementary Table S1 ). The DNA nick with a 5 -dU was introduced at specific locations to allow for rotational positioning of the lesion when reconstituted into the NCP with the histone octamer. Oligomers were either 5 -end-labeled with ␥ -32 P-ATP (Perkin Elmer) using T4 polynucleotide kinase (Invitrogen) following the manufacturer's specifications or cordycepin and terminal deoxynucleotidyl transferase (Thermo Fisher). Figure legends describe which strand was labeled in each of the assays, where applicable.
After labeling the strand of interest, the dsDNA was generated by annealing two oligos to a complementary strand, in a 1:1:1 molar ratio, by heating to 95
• C for 10 min and slow cooling in annealing buffer containing 10 mM TrisHCl, pH 8, and 50 mM NaCl. Excess unincorporated radiolabel (␥ -32 P-ATP or cordycepin) was removed using Biospin P-30 or P-6 chromatography columns (Biorad). As for previously reported nomenclature of the substrates (28), each substrate was named to indicate the type of lesion it contained: (i) 5 -deoxyribose phosphate (dRP), singlenucleotide gap (g), tetrahydrofuran (THF); (ii) the translational positioning of the damage on the DNA strand corresponding to the I chain of pdb file 3LZ0 (37) , where the number in parenthesis indicates the number of nucleotides away from the dyad towards the 5 end (+) or 3 end (-) and (iii) the rotational orientation of the DNA backbone relative to the histone octamer surface (in, indicated by 'I' or out by 'O'). Rotational orientation for these substrates has been previously confirmed by hydroxyl radical footprinting for all substrates with a definitive rotational orientation (37) . The substrate positioned 60 nucleotides from the dyad of the I chain is not stably rotationally positioned, given that the last 13 bp of DNA ends are more loosely associated with the histone octamer (38).
Nucleosome core particle reconstitution and characterization
Nucleosome core particles (NCPs) were reconstituted by salt gradient dialysis using the recombinant histone octamer from Xenopus laevis containing equimolar amounts of each of the core histones: H2A, H2B, H3, and H4. First, each histone was individually expressed in E. coli (BL21) as previously described (38) with the modifications described (39) . After isolation, the histones were subjected to dialysis in 5 mM 2-mercaptoethanol and 0.2 mM PMSF. They were then lyophilized until dry, and the histone octamer was prepared as described by Luger et al. (40) . Briefly, the concentration of the unfolded histone proteins was determined at A 280 , and an equimolar ratio of all four histones was mixed and dialyzed four times in refolding buffer (2 M NaCl, 20 mM Tris-HCl, pH 7.5, 1 mM Na-EDTA, 5 mM 2-mercaptoethanol) at 4
• C over the course of 48-72 h. The histone octamer was then concentrated and loaded onto a Superdex-S200 column (See Supplementary Figure S1A ). Elution fractions were analyzed using a 16.5% Tris-Tricine Criterion protein gel (Biorad), and fractions containing equimolar concentrations of the histones were pooled (Supplementary Figure S1B) , concentrated and stored in 50% glycerol at -20
• C. The histone octamer was then used to reconstitute 32 P-radiolabeled DNA in a 1.2:1 (octamer:DNA) molar ratio via salt gradient dialysis, as previously described, with the exception that for the fluorescence anisotropy studies, the reconstitution buffers contained KCl (at the same respective concentrations as previously described (28) in the buffers with NaCl, i.e. 1 M, 600 mM and 50 mM); these solutions were devoid of NP-40 and supplemented to a final concentration of 1.6 mM CHAPS. NCP reconstitution efficiency was determined by electrophoretic mobility shift assay (EMSA) in a non-denaturing 6% polyacrylamide gel (Supplementary Figure S1C) . Reconstitutions containing less than or equal to 5% free DNA and/or aggregates were used in all assays. To further characterize the substrates and to rule out contaminating free DNA in the NCP preparations, restriction enzyme accessibility assays were employed as previously described (See Supplementary Figure S1D) . Briefly, restriction enzyme HhaI (New England Biolabs), which cleaves at a site corresponding to translational position 0, or the dyad of the I chain in the 601 NCP crystal structure, was used to determine accessibility of these sites. Undamaged DNA and NCPs were incubated with 10 units of HhaI in 1X Cutsmart New England Biolabs buffer (50 mM potassium acetate, 20 mM tris-acetate, 10 mM magnesium acetate, 100 g/ml BSA) at 37
• C for 2 h followed by standard phenol/chloroform extraction. Cleavage products were separated on a 12% non-denaturing polyacrylamide gel. The gels were then stained with SYBR green I for 5 min and rinsed five times with dH 2 O. Using a Typhoon FLA9500 scanner, the gels were visualized and the image was analyzed by ImageQuant (IQ)TL v.8.1.
Pol ␤ DNA and NCP binding assays: Gel mobility shift assay
Binding incubations were performed on ice for 10 min in a total volume of 10 l per binding mixture. Each binding mixture contained a final concentration of 50 nM substrate (DNA or NCP), 50 mM Hepes, pH 7.5, 37 mM KCl, 5 mM MgCl 2 , 0.5 mM EDTA, 100 g/ml BSA and varying amounts of Pol ␤ (0-6 M final concentration). The binding mixtures were immediately subjected to non-denaturing 6% polyacrylamide gel (acrylamide:bis-acrylamide, 37.5:1) electrophoresis. To help maintain integrity of bound complexes during electrophoresis, the gel was run at 4
• C. The gel was then stained with SYBR green I. Visualization and analyses were performed as described above. Because some of the bound signal was, in some cases, a smear rather than a distinct band, the toolbox setting in IQTL v.8.1 was used to more accurately determine the signal in the smear after background subtraction from a box of the same size. The fraction bound relative to the total signal was then determined and plotted using Kaleidagraph v.4.1. The data were fitted to a modified Hill binding equation, where the fraction of substrate (DNA or NCP) bound is related to the K d as described (41):
where f max and f min are normalization factors that represent the fraction of substrate bound at the highest and lowest asymptotes of the titration, [E] is the total enzyme concentration and n is the Hill coefficient. The Hill coefficient measures cooperativity of binding. Values larger than n = 1 may indicate positive cooperativity of multiple proteins or binding events that have not reached equilibrium. From the fitted data, independent of DNA damage and structural location within NCPs, values of n = 2 and n = 3 were derived from the fits for DNA and NCP, respectively. The estimated Kd value for NCP-THF-O (-35) was verified by fluorescence anisotropy.
Pol ␤ and NCP binding fluorescence anisotropy assay
Fluorescence anisotropy measurements were used to determine binding affinity of NCPs containing 5 -P-THF (-35) at the 5 end of a nick, mimicking a single nucleotide gap with a stable 5 -dRP group. Exposed cysteine residues of Pol ␤ were mutated to serine in order to site-specifically introduce the 5-iodoacetamidofluorescein fluorescent reporter group at residue 303 (V303C). Fluorescence anisotropy measurements were carried out on a Horiba FluoroLog Fluorimeter at 20
• C in a buffer consisting of 50 mM Hepes, pH 7.5, 20 mM KCl, 2 mM DTT, 5 mM MgCl 2 and1.6 mM CHAPS with a final Pol ␤ V303C concentration of 5 nM. The final concentrations of NCPs are given in the figure. The excitation and emission wavelengths were 485 and 520 nm, respectively, each with a 12-nm slit width. Fluorescence anisotropy change was fitted to one-site binding model with Origin 8.
Pol ␤ enzymatic activity assays: dRP lyase assay
Assays were performed by two different approaches for product measurement: (i) traditional 32 P-3 -end labeling and (ii) direct labeling of the 5 -dRP group with 32 P. In both cases, the reaction conditions were identical, but separation of substrate and product differed significantly.
32 P-3 -end label reactions were resolved in a 6% polyacrylamide (19:1, acrylamide: bisacrylamide) 7 M urea denaturing gel at a constant 65 W in 1× TBE running buffer. 5 -32 P-dRP lyase assays allowed for efficient separation in a 20% 7 M urea denaturing gel.
In both types of assay, to generate the dRP lyase substrate, 400 nM substrate (DNA or NCP) was incubated at 37
• C in reaction buffer containing a final concentration of 50 mM Hepes, pH 7.5, 20 mM KCl, 2 mM DTT, 5 mM EDTA, 40 g/ml BSA and 1.7% glycerol. Addition of 493 U of E. coli UDG initiated the reaction. After 5.5 min incubation, three aliquots were taken: (i) heat control (indicated by 'H' in Figure 3 ), which was incubated at 75
• C for 2 min to assess uracil removal and determine the actual amount of dRP lyase substrate, (ii) 0 time-point quenched immediately with 0.5 M NaBH 4 to a final concentration of 270 mM to determine spontaneous dRP loss during the UDG reaction at the initiation of the dRP lyase reaction and (iii) the remaining volume was mixed 1:1 (v/v) at 30
• C (with a tube containing 50 nM full-length recombinant human Pol ␤, or 150 nM recombinant 8-kDa domain rat Pol ␤, or no Pol ␤, all in the same reaction buffer as for the UDG treatment, which were previously incubated for 1 min at 30
• C before initiation of the reaction. Thus, the final total concentration for dRP lyase substrate in the reaction was 200 nM (DNA or NCP), and this value was normalized to the actual fraction determined by the heat control in 5 -dRP label assays or directly in the 3 -end label assay where the heat control was omitted. This value was used to determine the dRP product formation shown on the ordinate of the dRP lyase product formation plots. All reactions were quenched with 0.5 M NaBH 4 to a final concentration of 270 mM and placed on ice for 30 min. To remove proteins and isolate DNA from the histone octamer, samples were treated with phenol/chloroform (PCl) in a 1:2 (v/v) ratio of sample: PCI. The aqueous layer was then mixed 1:1 with 2× deionized formamide sample buffer (95% formamide, 0.025% (w/v) bromophenol blue, 0.025% (w/v) Xylene cyanol and 5 mM EDTA, pH 8). Samples were incubated for 2 min at 95
• C and separated by electrophoresis as described above. In the case of DNA sequencing gels, they were transferred onto Whatman paper, dried, and exposed on a phosphor screen. DNA gels where the 5 -dRP was labeled were exposed without drying. Because the 5 -dRP group is heat labile, mock treated samples incubated with just the reaction buffer (-Pol ␤) were important controls to subtract the amount of product formed spontaneously over the course of the reaction, as later time points in the time-course, in some cases, exhibited a small increase in spontaneous dRP loss compared to the loss at 0 min time point. Data were plotted as described previously; the initial rate (v 0 ) was determined from the linear part of the time-course. The enzyme activities presented in the tables are the initial rate divided by the total enzyme concentration (v 0 /[E total ]). Kinetic parameters are shown in Tables 2 and 3 .
Pol ␤ enzymatic activity assays: DNA synthesis assay
The strand upstream of the 5 -dU was radiolabeled at its 5 end with [␥ -
32 P]-ATP using T4 polynucleotide kinase (Invitrogen). To generate the single-nucleotide gap, the nicked dsDNA was incubated with 63 U of E. coli UDG at 37
• C for 2 hr in the buffer conditions described above for uracil removal. To remove UDG and quench the reaction, the sample was treated with PCI. The gapped DNA was then resuspended in dH 2 O using an Illustra micro-spin G-25 column (GE). DNA concentration was determined by UV absorbance at 260 nm, and part of the sample was reconstituted with the histone octamer. For multiple turnover experiments, the reaction was performed manually by preparing two tubes with enzyme and substrate (which contained the Nucleic Acids Research, 2017, Vol. 45, No. 15 8905 appropriate dNTP based on the templating base at a final 50 M concentration) in BER reaction buffer (50 mM Hepes, pH 7.5, 100 mM KCl, 2 mM DTT, 100 g/mL BSA and 5 mM MgCl 2 final concentrations). After 5 min incubation at 37
• C, the reaction was initiated by mixing the substrate (500 nM final concentration) and Pol ␤. The final enzyme concentration is given in the figure legends of the plots, but in all cases was in limiting molar amounts relative to the substrate by at least 10-fold. Aliquots were taken, and the reaction was quenched with 100 mM EDTA to a final concentration of 89 mM. PCI extraction was then performed as described above, and extension products were separated. Data were plotted as described above and fitted to a single exponential equation:
as previously described (20) . The initial rate of the reaction (v 0 ) was determined by taking the derivative of Equation (2) (dY/dt) as t approaches 0. The rate constant, (v 0 /[E total ]), was then calculated as follows:
Single turnover reactions were performed in a similar manner with the same buffer conditions, except that for all DNA samples, the reactions were performed using rapid quench flow with a KinTeK RQF3 apparatus. The final DNA substrate concentration in these reactions was 10 nM, and the Pol ␤ concentration was 1 M. The final concentration of all NCP reactions (performed manually) was 100 nM. Reaction mixtures were incubated at 37
• C for the specified times. Processing of samples, separation, and data analyses were performed as described above, except that the observed single turnover rate constant (k obs ) was directly derived from the fits to Equation (2) . Catalytic rate constants for DNA synthesis are summarized in Table 4 .
RESULTS
Design of damaged nucleosome core particles and characterization
A total of four DNA substrates containing a singlenucleotide gap were compared in this study (Figure 1 and Supplementary Table S1 ). The structural location of the designed DNA lesions encompasses the two main structural constraints imposed by the NCP: rotational and translational positioning ( Figure 1) ; these are included in the nomenclature of the substrates as described in Materials and Methods. Recognition and removal of BER lesions are largely dependent on the lesion's rotational and translational positioning within the NCP in reconstituted in vitro BER assays (23, 26) .
To accurately determine the effects of translational positioning on the Pol ␤ dRP lyase reaction, we used the 147-bp 601 DNA strong positioning sequence and the recombinant histone octamer from X. laevis ( Supplementary Figure S1A&B) , both of which are known to generate stable well-positioned NCPs. As shown in Supplementary Figure  S1C , all substrates were well positioned, independent of the location of the lesion in agreement with previous studies (28, 42) . Additionally, restriction enzyme accessibility assays of undamaged NCP resulted in the expected occlusion of the HhaI restriction site (Supplementary Figure S1D) , as shown before (28, 42) , further confirming the integrity of these designed NCPs.
Binding of Pol ␤ to single-nucleotide gaps in NCPs is significantly hindered
Although several studies had shown that the Pol ␤ DNA gap-filling activity is significantly hindered in the NCP, quantitative assessments of Pol ␤ and NCP interactions have not been performed. To gain a better understanding of requirements for formation of Pol ␤ and NCP complex, we performed fluorescence anisotropy equilibrium binding assays using fluorescently tagged Pol ␤ at mutated residue cysteine 303 (5 nM) and titrating with NCP-5 -P-THF-O (-35). This outwardly-oriented substrate mimicking an APincised lesion was chosen to increase the sensitivity of the assay, due to its optimal rotational orientation. Figure 2A and the previously reported K d value for DNA. Interestingly, Figure 2C shows that the binding affinity for undamaged DNA was only minimally decreased, by ∼3-fold, compared to damage-containing DNA (K d of 50 nM versus 20 nM, respectively). A similar decrease was observed when comparing damaged and undamaged NCPs, yielding K d values of 360 nM versus 740 nM, respectively. In fact, the level of inhibition imposed by the histones for this damaged NCP-5 -P-THF-O (-35) and undamaged site was ∼20-fold for both substrates (Table 1) . For the substrate at -35 containing a single-nucleotide gap without the 5 -dRP group [NCP-gO (-35)], containing a 5 -phosphate and 3 -OH terminus, binding of Pol ␤ to the NCP was inhibited ∼25-fold relative to the corresponding free DNA (Supplementary Figure S2A and Table 1 ), suggesting the presence of the 5 -dRP group minimally influenced binding.
Previously, it was proposed that translational positioning of the single-nucleotide gaps was a stronger determinant for DNA synthesis activity relative to the effects of rotational positioning (28), due to weaker histone-DNA interactions and the increased malleability of DNA with increased distance from the dyad. To address whether the translational positioning of the substrate has an effect on binding, the binding affinity of Pol ␤ for a nucleosomal substrate containing a single-nucleotide gap closer to the DNA end, but inwardly-oriented [NCP-gI (-49)], was determined by EMSA (Supplementary Figure S2B) . These assays revealed that binding of Pol ␤ to nucleosomal DNA was im- Figure 1 . Structural features of designed 5 -dRP lesions and single nucleotide gaps in the nucleosome core particle (NCP). The color designation of the histones is shown at the top left and bottom. The template and lesion-containing strands of DNA are in cyan and magenta, respectively. Incorporation of dU within the nick at different locations allowed for strategic positioning of the lesions (red spheres) when reconstituted with the histone octamer so that they encompass the major structural parameters that regulate BER in the NCP: rotational and translational positioning of the DNA lesion. A total of four substrates containing either a 5 -dRP group or a single-nucleotide gap were used in this study: two outwardly oriented O (+10) and O (-35), one inwardly oriented I (-49), and a lesion with no definitive rotational orientation located only 13 nt from the DNA ends (-60). As shown in the diagram at the bottom, the central 60 bp are organized by the histone H3-H4 tetramer; whereas, the 30 nt on either side are in contact with the H2A-H2B heterodimer, and the remaining 13 nt are loosely associated with the histones. The difference in histone-DNA interactions in the central region vs. the ends gives rise to intrinsic differences in accessibility where regions bound by the H2B-H2A heterodimers are intrinsically more dynamic as described by others (47). Pol ␤ binding to DNA is largely non-specific at 37 mM KCl, where the presence of the histone octamer significantly hinders this interactions by 6-fold to 25-fold depending on the structural location of the lesion. These data represent the mean of three independent experiments ± SD. The binding curves are shown in Figure 2 and Supplementary Figure S2 .
proved ∼3-fold in the presence of a single-nucleotide gap 24 bp from the DNA end as compared to 38 bp from the end. DNA breathing may be sufficient to expose DNA gaps and improve binding, although DNA synthesis would still necessitate significant distortion on the templating strand with stable interactions on both strands mediated by the 31-kDa domain. Taken together, these data suggest that the histone octamer strongly dictates binding, independent of DNA damage, and Pol ␤ binding to NCPs is largely driven by non-specific interactions.
Pol ␤ 5 -dRP lyase reaction proceeds unperturbed in NCPs
We compared kinetic parameters of Pol ␤ 5 -dRP group removal from free DNA and NCPs. A representative phosphor image of a denaturing gel is shown at the bottom of Figure 3A . The appearance of a faster migrating band with incubation time, relative to the no enzyme control (-E), illustrates the enzymatic activity. Importantly, the negative control without Pol ␤ shows some spontaneous loss of the dRP group in free DNA as expected due to the heat-labile nature of the 5 -dRP group (44) . However, slightly more sponta- . (C) Undamaged (UND) DNA and NCP substrates were similarly incubated with varying amounts of Pol ␤ as described in (B) with a representative image of a non-denaturing 6% polyacrylamide gel shown in (E). The data points and error bars shown in panels B & C represent the mean of three independent experiments ± SD. The solid line corresponds to the fits of the data as described in Materials and Methods using a modified Hill binding equation from which the apparent dissociation constants were derived (Table 1) .
neous loss of the 5 -dRP group was observed in the NCP. This is likely due to the basic environment provided by the histones. Unlike any other site, Pol ␤ catalyzed dRP removal was enhanced at NCP-dRP (-60) by ∼16 fold as compared to free DNA ( Figure 3B and Table 2 ). Similarly removal of the dRP group at -60 by the 8-kDa domain of Pol ␤ was enhanced ∼3-fold over free DNA ( Figure 3B and Table 3 ). Because the spontaneous background loss was subtracted, the enhanced Pol ␤ activity was not due to background dRP release. Independent experiments for this site, with 3 -end labeled substrate confirmed this enhancement of Pol ␤ activity on the NCP relative to free DNA ( Supplementary Figure S3) . However, these rates with 3 -end labeled substrate were faster, likely due to the suboptimal separation of 1 2 nucleotide faster migrating product relative to the substrate band (Supplementary Figure S3A) . Because the 5 -end label assay allows for better separation between the substrate and product, all dRP reactions were performed with the 5 -end label assay.
Pol ␤ catalyzed dRP removal at nucleosomal sites -35 and -49 with similar activity as free DNA ( Figure 4A , B, Table  2 ). NCP-dRP-O (+10), close to the dyad, exhibited a ∼2-fold higher activity relative to free DNA (Table 2 ). Relative to their respective free DNAs, removal of the 5 -dRP group in NCPs by the 8-kDa domain of Pol ␤ was inhibited 3-fold and 4-fold at NCP-dRP-I (-49) and NCP-dRP-O (-35), respectively ( Figure 4A and B and Table 3 ), indicating that DNA contacts mediated by the missing 31-kDa domain are important for removal of 5 -dRP lesions, where the DNA gap is well positioned and occluded. Importantly, mutation of Lysine residues to Alanine located in the active site of the 8-kDa domain (K35A, K68A and K72A) decreased 5 -dRP removal at NCP-dRP-O (-35) where no significant product formation was detected at 360 s (Supplementary Figure  S5) , suggesting that the observed dRP elimination is Pol ␤ catalyzed (33) . Taken together, these results show that the NCP fails to impose constraints to Pol ␤ catalyzed 5 -dRP removal, and in fact, the NCP enhances the rate of 5 -dRP removal at specific sites. Figure 1 . Data represent the mean of three independent experiments ± SD. Kinetic parameters are provided in Table 2 (full length Pol ␤) and Table 3 (8 kDa domain of Pol ␤). As shown in Table 2 , the ratio (DNA/NCP) of the enzymatic rates for this 5 -end labeled substrate is comparable to the ratio found by the 3 -end labeling assay (Supplementary Figure  S3) . The rate of spontaneous loss, estimated from the -Pol ␤ control, for the NCP is ∼3.2 nM/min, which is 8-fold faster than the rate in DNA of 0.4 nM/min. Data represent the average of three independent experiments ± SD with the error in the ratio calculated using standard propagation of error with standard deviation procedures. Data correspond to plots shown in Figures 3B and 4 and are expressed as initial rate/enzyme concentration.
Pol ␤ catalyzed nucleotide insertion is strongly inhibited by the NCP in a manner consistent with site exposure and DNA flexibility
Several groups have assessed gap-filling activity of Pol ␤ in NCPs, and while some have found reduced gap-filling activity in NCPs (28) (29) (30) (31) 45) , others have reported complete inhibition of DNA synthesis in NCPs (19, 32) . These differences are likely attributed to a combination of DNA sequence, size of the nucleotide gap, structural position of the lesions, and assay conditions. As evident from these studies, it is clear that the histone octamer poses a significant barrier to the gap-filling activity of Pol ␤; however, the extent of this inhibition is still imprecise particularly as it relates to structural positioning. Determination of kinetic parameters, which have not been performed for these sites, is necessary to help uncover the factors contributing to the inhi- 49) 0.02 ± 0.001 NCP-dRP-I (- 49) 0.006 ± 0.005 3.3 ± 0.11 DNA-dRP (-60) 0.05 ± 0.002 NCP-dRP (-60) 0.14 ± 0.01 0.36 ± 0.02
Data represent the average of three independent experiments ± SD for all except for dRP-O (+10), which were performed in duplicates for DNA and NCP, in which case the error in the fit is shown. Data correspond to plots shown in Figures 3B and 4 and are expressed as initial rate/enzyme concentration. bition. This is particularly important for the current study given that we observed efficient and even enhanced activity with 5 -dRP groups in NCPs. To determine nucleotide insertion by Pol ␤, singlenucleotide gaps were generated by incubating uracilcontaining nicked 32 P 5 -end labeled DNA substrates with UDG ( Figure 5A ) followed by assembly of NCPs. Figure 5B summarizes the location of the single-nucleotide gap substrates within the NCPs. DNA gap-filling was assessed by the appearance of a 1-nt slower migrating band (P) relative to the untreated control (S) as shown in Figure 5C . Single turnover experiments revealed a very strong inhibition, ∼ 2600-fold, near the dyad [(NCP-gO (+10)] as compared to free DNA ( Figure 5D and Table 4 ). This may be indicative of constraints on required conformational changes in the substrate or enzyme for catalysis. The occlusion of the Table 4. single-nucleotide gap by the histone octamer at NCP-gI (-49), resulted in inhibition (∼277-fold) ( Figure 5F and Table 4), suggesting the rotational orientation of the singlenucleotide gap plays a strong role in blocking gap-filling by Pol ␤. Thus, DNA breathing in this region is not sufficient to allow full accessibility to the DNA gap. A similar level of inhibition, but 3-fold lower, was observed at NCP-g (-60) (Supplementary Figure S6 and Table 4 ).
Steady-state measurements showed DNA-gap filling activity was inhibited 8-fold near the DNA ends at NCP-g (-60) ( Figure 6A ). For another single-nucleotide gap at NCPgO (+10), the inhibition was significantly greater (178-fold) ( Figure 6B ) relative to free DNA. The level of inhibition observed in the steady-state assay for these lesions was much lower than the level of inhibition observed under single turnover conditions. This was because the rate-limiting step for Pol ␤ turnover with free DNA is product release, and this was slower than the insertion rate measured under singleturnover conditions. These results are in agreement with previous findings proposing that the translational positioning of single-nucleotide gaps in NCPs plays a role in inhibiting gap-filling activity measured under steady-state conditions (28) . However, the effect of rotational orientation near the DNA ends was previously underestimated (28) . In the current study, we show that despite the enhancement of 5 -dRP group removal at -60, DNA synthesis at this site is inhibited.
DISCUSSION
Given the critical role that dRP lyase activity plays in vivo and the biological significance of nucleosomal substrates, for the first time, we have characterized dRP removal in designed NCPs containing rotationally and translationally positioned 5 -dRP lesions. Unlike any other study that has addressed Pol ␤ gap-filling activity in NCPs, we first determined the binding affinity of Pol ␤ for nucleosomes and free DNA. Our results show that binding of Pol ␤ to DNA is driven by non-specific interactions independent of DNA damage, and the presence of the histone octamer constitutes a strong barrier for Pol ␤. 
) R a t i o ( D N A /NCP)
DNA-gO (+10) 1.24 ± 0.007 NCP-gO (+10) 0.0005 ± 0.0002 2599.6 ± 1161 DNA-gO (-35) 0.76 ± 0.07 NCP-gO (-35) 0.18 ± 0.07 4.3 ± 1.3 DNA-gI (-49) 0.83 ± 0.17 NCP-gI (-49) 0.003 ± 0.001 276.7 ± 36.6 DNA-g (-60) 5.4 ± 1.1 NCP-g (-60) 0.06 ± 0.008 90.4 ± 6.4
Data represent the mean of three independent experiments ± SD and correspond to data shown in Figure 5 and Figure Supplementary S6 . Final substrate concentration of DNA-gO (+10) and NCP-gO (+10) was 500 nM with 1 nM and 50 nM Pol ␤, respectively, and 50 M dNTP. Rate constants derived from the kinetic fits were 0.05 ± 0.004 min −1 for NCP-gO (+10) compared to 8.9 ± 0.8 min −1 for DNA-gO (+10), illustrating a 178-fold inhibition. Data were analyzed and fitted as described in Materials and Methods.
With regards to dRP lyase activity, our results show that Pol ␤ is able to remove the 5 -dRP group from the BER intermediates with similar efficiency as that with free DNA. In fact, 5 -dRP removal was enhanced by 16-fold near the ends at -60 [NCP-dRP (-60) ] as compared to the corresponding free DNA. Although this enhancement is independent of the spontaneous 5 -dRP loss, a synergistic effect due to histone Lysines and Pol ␤ cannot be ruled out at this site. Unlike any other site, NCP-dRP (-60) also exhibited ∼8-fold greater spontaneous loss compared to the spontaneous loss on its corresponding DNA. Inspection of the NCP crystal structure (PDB 1KX5) revealed that a single Lysine residue (histone H2AK75) is found within 8Å of the C1 of this lesion. The other NCP sites (+10 and -49) also are within 8Å of Lysines H4K5 and H2BK28, respectively, but no increase in the spontaneous elimination was observed at these sites. Importantly, this distance is outside the expected catalytic distance of 3Å. The increased spontaneous elimination ob-served at site -60 may be due to the increased DNA dynamics and DNA flexibility at this site, which may increase the proximity of the reactive groups. The activities for 5 -dRP removal in free DNA at this site and at DNA-dRP-O (+10) were lower than the other two sites. Such differences in activity for DNA substrates have also been well documented for other BER enzymes (46) . These differences are likely attributed to the inherent structural features that the DNA sequence generates on DNA shape, along with the site-specific effect of introducing a DNA nick at different locations, on the overall persistence curvature of the DNA.
The removal of the 5 -dRP group at NCP-dRP (-60) by the 8-kDa domain of Pol ␤ was 3-fold faster relative to free DNA. Wrapping of the DNA on the surface of the histone octamer induces significant distortions on the overall helical structure of DNA, and this may provide unique site-specific structural features at this site. Because the 5 -dRP group is likely frayed, this site may orient the 5 -dRP group in a manner that allows Lys72 to more efficiently form the Schiff-base intermediate with its C1 of the ribose ring. Crystallographic studies of Pol ␤ have revealed the enzyme and 5 -dRP group must be flexible enough to allow for optimal repositioning to the ⑀-NH 2 group of Lys72 in the lyase active site. Additionally, the weaker histone-DNA interactions near -60 may serve as a platform that facilitate additional interactions with regions flanking the 5 -dRP group promoting the enzymatic activity (47) . Because this site inhibits DNA synthesis under steady-state and single turnover conditions, these local structural features appearing to enhance dRP lyase activity do not influence DNA synthesis. The activity of the 8-kDa domain of Pol ␤ was decreased at two other NCP sites, and this was independent of rotational orientation suggesting contacts between the two Pol ␤ domains are important at these sites for dRP removal.
DNA synthesis appears to be regulated by additional structural features of the NCP and to a much greater extent than dRP removal. Catalytic rates for NCPs from single turnover experiments exhibited a broad range of inhibition ranging from ∼4-fold to 2600-fold relative to free DNA. Steady-state kinetics also revealed a significant level of inhibition, although the level of inhibition was at least one order of magnitude smaller. In all cases, the NCP poses a significant barrier for DNA-gap filling by Pol ␤. In vivo, where substrate localization is critical for Pol ␤ catalysis, once the damage is recognized, the dRP lyase reaction may proceed. However, for DNA gap-filling, structural constraints (35, 48) modulating accessibility and malleability of the substrate would have an important role. Consequently, factors that can regulate these structural constraints in vivo are likely to have an effect on the observed kinetics including the action of ATP-dependent remodeling factors, presence of chromatin architectural proteins, and DNA sequence as it relates to NCP stability (17) .
Importantly, the DNA structure on the surface of the histone octamer exhibits remarkable differences compared to the structure of free DNA. In the NCP, the DNA trajectory accommodates DNA base-pair-step geometry with twice the curvature including ∼10 bp periodicity with narrowing of minor grooves where the DNA contacts arginine residues (49). These structural features can be important for DNA repair protein read outs (50) . In fact, minor groove width was postulated to be an important factor in predicting uracil reactivity in the NCP, where widening of the minor groove at two sites resulted in equal or increased reactivity compared to free DNA (25) . Similarly, a 5-nt DNA flap outwardly oriented was removed 7-fold faster by FEN1 in the NCP compared to its removal in free DNA (27) . Together these results suggest that local structural features relating to DNA shape and flexibility influence DNA repair by various BER proteins, highlighting the complexity of the mechanisms that regulate repair in NCPs. Figure 7 summarizes the findings for dRP removal and DNA synthesis in NCPs in this study, as well as proposed mechanisms for the observations. We propose that in the NCP, Pol ␤ is not able to make stable interactions with nucleosomal DNA due to steric constraints on the strand facing the histones due to its high rigidity ( Figure 7A ). Consequently DNA synthesis is strongly inhibited. Because the 5 -dRP lyase reaction does not require extensive interactions with the substrate-containing strand, exposure and minimal constraints on the outwardly-oriented lesions allows for dRP removal. Rotational flexibility of the DNA on the surface of the histone octamer, although minimal, allows some DNA synthesis near the dyad involving transient engagement of the 31-kDa domain. Near the DNA ends, the DNA is more accessible and consequently both enzymatic reactions take place with fewer structural constraints. Because DNA synthesis by Pol ␤ requires far more extensive interactions and distortions on the templating strand, these requirements are not easily accommodated near the dyad due to the stronger histone-DNA interactions ( Figure 7A ) (47) . Pol ␤'s DNA synthesis activity in NCP is largely influenced by translational positioning of the DNA gap, suggesting that repositioning of the histone octamer may be sufficient to allow some level of gap-filling, particularly for lesions near the DNA ends. Complete eviction of the histone octamer by ATP-dependent remodeling factors may be necessary for synthesis at sites located near the dyad.
There are several biological implications for the observed differences in enzymatic activities of Pol ␤ in the context of the NCP. The lack of parallel activities for the dual enzymatic functions of Pol ␤ is potentially a feature evolved to induce tighter control on the lifetime of BER intermediates containing the 5 -dRP group. Persistence of the 5 -dRP group in NCPs could lead to more complex DNA repair transactions, ultimately leading to more cytotoxic effects than the initial base modification. For example, if dRP removal were inhibited or inefficient in NCPs, the increased half-life of the dRP lesion may lead to its oxidation by ROS or other chemical modifications, shifting subpathway choice from short-patch to long-patch BER. In fact, it was recently shown that DNA lesions in NCPs, using cell-free extracts or purified enzymes, are preferentially repaired by Pol ␤ via short-patch BER (51) . The dRP-lyase activity of Pol ␤ is critical in controlling DNA repair initiated by monofunctional glycosylases as overwhelming the repair system by exposure to alkylating agents, in the absence of dRP lyase activity, leads to cell death (13) .
Importantly, accumulation of these APE1 incised BER intermediates may signal recruitment of PARP1 (52), the outcome of which is likely to be dependent on the presence by Pol ␤; however, DNA synthesis is strongly inhibited despite the DNA gap being outwardly-oriented. This is due to occlusion of the templating base (red spheres) and the inability to stably engage the 31-kDa domain in a rigid region as shown in (A). Some DNA synthesis near the dyad occurs due to rotational flexibility, where the DNA rotates along its longitudinal axis on the surface of the histone octamer (dashed black lines). Near the DNA ends, 5 -dRP groups are repaired efficiently, and inhibition of DNA synthesis is overall decreased. This is due to increased DNA flexibility and DNA unwrapping, although DNA gap-filling is nonetheless inhibited in a site-specific manner, indicating that local structural features as well as rotational orientation of the lesion play an important role for DNA gap-filling by Pol ␤. Together, these results indicate external factors capable of remodeling the NCP structure are needed for efficient DNA synthesis.
or absence of the 5 -dRP lesion (53) . In the absence of the 5 -dRP lesion, assuming Pol ␤'s recruitment and dRP lyase activity occurs very rapidly, specific histone sites that are targets for posttranslational modifications may undergo activation and become PARylated by PARP1 (54) . This may promote local dissociation of the histone octamer from the DNA and allow Pol ␤ to more stably bind and perform template-directed DNA synthesis at these sites (42) . In fact, retention of PARP1 at sites of DNA damage, as observed by laser-induced irradiation techniques, coincides with Pol ␤ DNA recruitment (55) . In the presence of the 5 -dRP lesion, however, PARP1 may become covalently crosslinked to this intermediate (53) . DNA-protein crosslinks (DPCs), if not removed before the next round of replication, can become lethal due to replication fork stalling and/or collapse that results in double strand breaks (53) .
Because several DNA glycosylases, APE1, and the lyase domain of Pol ␤ are able to process their respective outwardly-oriented lesions, inefficient DNA gap-filling at these sites would lead to the accumulation of singlenucleotide gaps. The strongest inhibition of Pol ␤ catalyzed DNA synthesis is near the dyad, suggesting that this region may be a hot spot for DNA mutations, if not repaired before replication. This is in agreement with recent findings that suggest mutation rate increases with nucleosome occupancy in repair proficient systems; whereas, this correlation is abolished in DNA repair knockouts (56) . These results are consistent with the mutation rate being associated with decreased repair of aborted intermediates due to decreased accessibility to DNA repair proteins in NCPs, particularly at the dyad. Because of this increased mutagenic potential near the dyad, it is possible that specialized mechanisms specifically target these regions for efficient repair. One such mechanism may involve the recruitment of ATP-dependent remodeling factors. Remodels the Structure of Chromatin (RSC) has been shown to interact with NCPs at the dyad by cryoEM and by mapping the DNase footprint generated from nucleosomes bound to RSC (57, 58) . In yeast, RSCmediated chromatin remodeling promotes efficient BER by enhancing DNA accessibility to BER enzymes (59) . Depletion of its ATPase subunit, STH1, led to enhanced sensitivity to alkylating agent-induced DNA damage and significant inhibition of BER, in agreement with a concomitant decrease in micrococcal nuclease digestion (59) . In vitro, the remodeling activity of dinucleosomes by RSC in concert with the action of the histone chaperone NAP1 was required for complete repair of 8-oxo-G located in the nucleosome core (60) . Other ATP-dependent chromatin remodeling factors have enhanced BER in vitro (61) , highlighting the need for additional factors capable of changing the chromatin landscape for efficient repair.
In addition to the involvement of ATP-dependent chromatin remodeling complexes evicting or repositioning histone octamer complexes along the DNA, intrinsic mechanisms regulating DNA accessibility in the chromatin architecture exist. DNA sequence, for example, plays a crucial role in nucleosome core particle stability in vivo (17, 62) and in vitro (63) . Accessibility of DNA sites within nucleosomes can be largely influenced by the DNA's relative binding affinity for the histone octamer during repair (64) . Natural DNA sequences exhibit a wide range of binding affinities, varying by as much as 5000-fold (65) . The 601-DNA sequence used in this study is representative of well-positioned nucleosomes in vivo. This suggests that even the most strongly positioned NCPs would undergo 5 -dRP removal unassisted, while more weakly positioned NCPs may exhibit greater gap-filling activity. However, qualitative studies using designed nucleosome core particles containing weaker DNA positioning sequences (relative to the 601) suggest gap-filling activity by Pol ␤ is nonetheless inhibited (19, 29, 30) . Additionally NCP stability is also regulated by histone octamer composition (26), which adds an additional level of complexity to our understating of BER in chromatin, as it constitutes a largely underinvestigated topic in the field.
It is evident from our study that the regulation of Pol ␤'s enzymatic activities by the structure of the nucleosome core particle potentially entails a number of interconnected intrinsic mechanisms that extend beyond rotational and translational positioning of the lesion. Consequently, it is of importance to understand the nature of the molecular interactions of Pol ␤ with nucleosomal substrates to assign parameters responsible for the observations described here.
